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Abstract 
Electron beam lithography (EBL) was used for preparing nanostructured reduced 
patterns on the GO paper surface, while preserving its mechanical resistance and 
flexibility. Different EBL parameters, like dose and time of exposure for patterning 
were tested. SEM analysis showed the consequent increase of contrast of the reduced 
stripes on the patterned regions due to the increase of electron beam doses. Moreover, 
surface potential microscopy experiments also exhibited a clear contrast between the 
patterned and non-patterned regions. Structural analysis of the patterned paper through 
X-ray diffraction and nanoindentation showed that the interlayer distance between GO 
sheets decreases after reduction allowing the increase of the Hardness and Young 
modulus that makes this material able to be manipulated and integrated on different 
devices. Furthermore, we also observe that exposed areas to electron beam reduction 
process show an increase in the electrical conductivity up to 3 × 104 times. The 
developed flexible GO films can have interesting applications such as biosensors or 
templates for inducing tissue regeneration, by providing a surface with differently 
patterned cues with contrasting electron mobility. Preliminary in vitro studies with L929 
fibroblasts support the cytocompatible nature of this patterned GO paper. 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
3 
 
1. Introduction 
Nowadays, the wet chemical exfoliation of graphite is one of the most used 
methodologies to prepare graphene derivatives, with the advantage of large scale 
production, technological simplicity, high efficiency and low cost of the procedure.[1], 
[2] 
Graphene oxide (GO) results when the exfoliation is done in aqueous oxidative 
medium, then retaining a high degree of oxidation, with a C/O ratio achieving the 
maximum value of 2.5, usually designated as the threshold limit [3]. This particular 
feature of GO provides it with a high hydrophilic character allowing the preparation of 
highly stable aqueous colloidal suspensions [4]. The chemical structure of GO is 
generally described by the model of Lerf-Klinowski that defines an atomic layer of 
carbon atoms in a hexagonal structure with hydroxyl and epoxy groups on the plane and 
carbonyl and carboxylic groups on the periphery [5]. Recently, Dimiev et al. proposed 
that the GO structure is dynamic in aqueous solution suggesting that GO is a metastable 
nanomaterial at room conditions [6]. Kim et al. observed that a quasi-equilibrium of GO 
structure was reached after a relaxation time of a month, resulting in a chemical 
structure rich in hydroxyl groups and devoid of epoxide groups [7]. The reduction of 
GO can be promoted through chemical [8] or thermal [9] treatments that remove most 
of the oxygen functional groups and allow the partial restauration of sp2 carbon 
bonds[10]. However, when compared to graphene, the quality standard of this graphene 
derivative is low, since it contains a high density of structural defects and a remaining 
percentage of oxygen functional groups. 
However, the structural heterogeneity of GO can be an advantage for certain 
applications. In fact, the high versatility of GO arises from its chemical diversity based 
on the combination of aromatic and oxidized domains in a single atomic sheet. These 
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characteristics allow its functionalization through several chemical and physical 
approaches using small molecules, nanoparticles or structures building-up new hybrid 
materials. Also, GO nanosheets have the ability to interact between them allowing their 
self-assembly into macroscopic structures like films or three dimensional microporous 
architectures, like foams [11, 12]. The heterogeneity of GO chemical structure allows 
the establishment of hydrogen bonds between the oxygen functional groups or/and by 
the assembly of hydrophobic domains. A controlled assembly of the GO sheets through 
the interactions of functional groups in the basal planes leads to an ordered stacking, 
forming robust films [13]. However, if the interactions are preferentially achieved 
through the oxygen functional groups located at the edges of GO sheets, the creation of 
three-dimensional microporous architectures is favoured [14]. This new class of 
materials has been recently designated as solvated graphene, a new emerging area with 
enormous challenges and opportunities in multidisciplinary fields [15]. 
The first successful attempt to prepare GO films, usually designated as a GO paper, 
consisted on the simple flow-directed assembly of individual GO sheets [13]. The 
horizontally ordered assembly of solvated GO was guaranteed by the constant flow of 
the liquid from the suspension, which avoids aggregation allowing the individual sheets 
to reach an equilibrium between interconnecting forces (hydrogen bridges and π-π 
stacking) and repulsive colloidal forces (hydration and electrostatic forces), at the filter 
surface. After drying, the resultant membranes showed high flexibility and stiffness. 
This approach is still commonly used for the preparation of GO paper nanocomposites 
with ordered structure and high performance for several applications [16-20]. 
Interestingly, a multilayer GO film is considered a metastable material at room 
conditions because it continuously undergoes chemical and structural changes, which 
result in a persistent decrease of the C/O ratio [7]. The metastable state provides the 
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opportunity to enhance the transformation of several functional groups by applying soft 
physical treatments, such as low temperature treatment processes [21], in order to 
modulate the final properties of GO. On the other hand, when carbon nanomaterials are 
exposed to electrons or ions, their microstructure evolves through the creation of defects 
[22]. Krashnenniniko et al. reported how these effects can be used to tailor the 
properties of carbon nanomaterials [23, 24]. In the case of GO, exposure to direct 
sunlight radiation leads to the elimination of oxygen in the form of water vapour [25].  
The patterning based on reduction of GO has been obtained in the literature by a variety 
of techniques. The existing reports are collected in table X. Several techniques are based 
on local heating. It is assumed that thermal reduction starts occurring in a range from 
100 °C[26] to 180 °C[27], and it is considered that 200-500 °C is an effective 
temperature range leading to reduction [28,29] by elimination of carboxyl groups.[30] 
Higher local temperatures lead to ablation [29]. The use of a scanning focused laser 
light is a common way to obtain local heating, as GO is a light absorber, absorbing 63% 
of incident light within 1 µm[31] in average over the visible range, which leads to a 
rapid decrease of temperature along the depth. This decrease will be steeper for shorter 
wavelengths [32], leading to different patterning performance with different 
wavelengths used in thicker films and papers. Besides direct scanning, other patterning 
strategies include shadow masks, used with either photographic flash[31,33] or laser 
irradiation [34], and also the use of interference patterns [35-37]. Some authors combine 
several techniques to achieve patterns, such as laser ablation and chemical reduction 
[28], or pulsed laser deposition followed by thermal annealing [38]. Another thermally-
based technique was the use of a heated AFM probe, leading to an extremely small 
lateral resolution of 12 nm [26]. Besides thermal processes, a photochemical reduction 
of GO [39] and other carbon materials can occur where water dissociation provides 
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protons which bind to oxygen-rich functional groups, leading to their removal from the 
carbon backbone [40]. This phenomenon occurs for photon energies above a threshold 
of 3.2 eV[30] and up to ~300.0 eV[39], while using higher energy laser lines caused the 
breaking of carbon-carbon bonds [40]. GO surface patterning was also performed using 
an extreme-UV (EUV) radiation source showing high efficiency on the reduction 
process, with very high resolution (nanometre range) and absence of photothermal 
effects [41]. The same authors showed that GO photoreduction patterning could be 
significantly improved with the use of high-performance light sources like vacuum UV 
(VUV) synchrotron radiation [42]. In parallel, others reported the reductive effect of 
electron beams, [43] and the lithographic writing of reduced patterns was reported using 
a 20 keV electron beam [32]. More recently, devices made of GO with micrometer scale 
reduced patterns have been produced using electron exposure at 25 keV [44]. 
Furthermore, it was observed that electron irradiation at 10 MeV can induce the 
chemical bonding between the adjacent reduced GO sheets by sp3 carbon formation, 
increasing the mechanical hardness and electrical conductivity of the paper [45]. 
In the context of biomedical applications, EBL has been explored as an attractive 
technique for the fabrication of submicron (down to the nanoscale) topographies on a 
diverse palette of materials, including protein patterns for multiplexed cytokine 
detection,[46] substrates with grooved topographies to modulate cell differentiation, 
[47] and membranes for in vitro models of barrier tissue [48]. However, its application 
to graphene-based materials has been scarcely investigated, despite the tremendous 
biological interest of these materials due to their attractive physico-chemical properties 
and versatile nature for functionalization. For example, graphene-based materials are 
under study to be used as part of engineered devices to promote cell growth and 
alignment [49], to interface native tissues [50], and to modulate cell differentiation 
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processes [51], which could benefit from the application of versatile patterning 
techniques, such as EBL. Although the compatibility of graphene based materials in 
contact with biological systems remains a matter of open debate [52], published results 
to date support the existence of a safe range of conditions in which these materials 
display biocompatible behaviour and do not initiate any toxic responses [53]. 
The majority of the studies previously mentioned on the patterning of GO, focused on 
GO thin films obtained by spin-coating on hard substrates, scarce work has been done 
on self-sustaining GO paper. Herein, we report the development of self-stained GO 
paper where direct-write EBL was used to create micrometer-scale conductive lines, 
using a 100 keV electron beam. To the best of our knowledge no studies were reported 
about GO reduction in the energy range used in this study, previous works used 20 keV 
[32] and 25 keV [44] for GO films, and 5 MeV [54] and 10 MeV [45] for GO paper. 
The GO paper prepared by self-assembly of the GO sheets was reduced according to a 
free pattern chosen to be a series of parallel lines, using different electron doses and 
beam step sizes in order to effectively obtain a reduced pattern at the GO paper surface. 
A discussion of the characterization results of the GO patterned paper obtained for the 
different working conditions is presented. Finally, in order to elucidate the 
biocompatible nature of the patterned GO paper for future biological uses, we carried 
out cytocompatibility tests with murine L929 fibroblasts. Specifically, cell adhesion, 
growth and morphology were investigated both on patterned and non-patterned areas of 
the GO paper by confocal laser scanning microscopy (CLSM) and SEM. 
 
2. Experimental  
2.1 Material and Methods 
2.1.1 Material 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
8 
 
GO was supplied by Graphenea with a concentration of 4mg/mL. The GO was 
repeatedly washed with ultrapure water by centrifugation until reaching neutral pH. 
Chemical reagents and antibodies were purchased from Sigma-Aldrich and used as 
received, unless otherwise indicated. Cell culture media components were obtained 
from Lonza. 
 
2.1.2 GO paper preparation 
The preparation of the GO paper was based on the method described by Dikin et al. [13] 
Briefly it consists of the filtration of 20 mL of GO aqueous colloidal solution (3 
mg/mL) over a Durapore membrane filter with diameter of 47 mm and pore size of 0.22 
µm, until complete drying. During filtration, the GO sheets tend to align at the interface 
with the filter and assembly horizontally forming a thin paper that can be easily 
removed after drying. The thickness of the final GO papers is dependent on the 
concentration and volume of the solution used, which can be tuned. 
 
2.1.3 GO paper patterning by electron beam lithography 
The GO paper patterning was performed using EBL (Vistec EBPG 5200) operated at 
100 kV. The sample plane was set using a three-point alignment system. In order to 
account for the dilatation of the sample, which we estimate to be ~100 µm, the base 
plane of the sample was set at 50 µm below focus point, so that at all times during 
exposure the sample is placed within ± 50 µm of the electron focus plane. The five 
experimental conditions tested for the patterning of GO paper are summarized on Table 
1. 
 
Table 1- Experimental conditions tested for the patterning of the GO paper by EBL. 
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Exposure 1 2 3 4 5 
Dose (× 103 µC/cm2) 0.8 8 80 800 8000 
Line length (µm) 600 600 600 600 300 (*) 
Step size (nm) 25 20 20 20 20 
Dwell time (ns) 30 192 1919 19190 191904 
Beam linear velocity (µm/s) 834 104 10.4 1.04 0.104 
Exposure duration (s) 
53.73 
≈ 1 min 
104.78 
≈ 1 min 45 
617.01 
≈ 10 min 
5792.34 
≈ 1 h 35 
28776.55 
≈ 8 h 
(*) half the length to reduce exposure time to reasonable value 
 
2.1.4. Materials Characterization  
SEM was performed using a FEI Nova NanoSEM 650. Electron acceleration was set to 
2 kV or 3 kV and the images were acquired in secondary electron mode. Elemental 
analysis was performed using elemental-dispersion X-ray spectroscopy tool included in 
the SEM, with acceleration voltage of 7 kV. 
Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy were performed 
by Veeco AFM Multimode Nanoscope (IV) MMAFM-2. The conductive probes used 
were made of Pt/Ir coated Si cantilever from Nanosensors; with a nominal force 
constant 15 N/m. The powder X-ray diffraction (XRD) patterns of GO paper were 
collected at room temperature in a continuous scanning mode (step 0.02º and time 20 s) 
on a Siemens D500 diffractometer with a secondary monochromator CuKα X-radiation 
in the range 2θ = 3-155°. X-ray photoelectron spectroscopy (XPS) spectra were 
acquired in an Ultra High Vacuum (UHV) system with a base pressure of 2x10–10 mbar. 
The system is equipped with a hemispherical electron energy analyser (SPECS Phoibos 
150), a delay-line detector and a monochromatic AlKα (1486.74 eV) X-ray source. High 
resolution spectra were recorded at normal emission take-off angle and with a pass-
energy of 20 eV. Fourier transform infrared spectroscopy (FTIR) spectra were recorded 
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using a Bruker optics tensor 27 spectrometer coupled to a horizontal attenuated total 
reflectance (ATR) cell using 256 scans at a resolution of 4 cm-1. The samples were 
examined directly and data were obtained in transmittance mode. Nanoindentation 
measurements were performed using a three-sided pyramidal Berkovich diamond 
indenter having a nominal edge radius of 20 nm (faces 65.3 from vertical axis) attached 
to a fully calibrated nanoindenter (TTX-NHT, CSM Instruments). 
Raman imaging was performed in a combined Raman-AFM-SNOM confocal 
microscope WITec alpha300 RAS+. A frequency doubled Nd:YAG laser operating at 
532 nm was used as an excitation source with the power of 2 mW at the sample. Raman 
imaging experiments were performed by raster-scanning the laser beam over the 
samples and accumulating a full Raman spectrum at each pixel. Raman images were 
constructed by integrating over specific Raman bands using WITec software for data 
evaluation and processing. 
 
2.1.5 Cytocompatibility studies 
Prior to cell culture, GO paper samples were sterilized under UV radiation (30 min per 
side), placed in sterile standard 24-well polystyrene plates and pre-conditioned in 
culture media for 72 h. Murine L929 fibroblasts were then seeded on the samples at a 
density of 2.0·104 cells per well in Dulbecco’s Modified Eagle’s Medium supplemented 
with 10 % fetal bovine serum, streptomycin (100 UI ml-1), penicillin (100 UI ml-1), and 
L-glutamine (1 mmol-3) (culture media). Cultured samples were maintained in a sterile 
incubator at 37 °C in a CO2 atmosphere (5 %) for 96 h. 
For adhesion and growth studies by CLSM, samples were fixed with 
paraformaldehyde (4% in phosphate buffer saline, PBS) at room temperature for 12 min 
and then incubated with a specific antibody against vimentin, a common protein 
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constituent of cytoskeleton in most cells. The secondary antibody used was Alexa 
Fluor® 594 IgG (H+L) (Life technologies). Both primary and secondary antibodies 
were dissolved in PBS containing saponin (0.25 %) and fetal serum (2 %) to guarantee 
cell permeability and to block any non-specific bindings, respectively. Each antibody 
was incubated for 1 h at room temperature in darkness. Cell nuclei were labelled with 
4’,6-diamidino-2-phenylindole (DAPI, 3µM, 5 min). After immunostaining, samples 
were visualized by using a Leica TCS SP5 microscope. Alexa Fluor® 594 was excited 
at 594 nm with a helium-neon laser and detected in the range 625–689 nm, while DAPI 
excitation was carried out at 405 nm with a diode UV laser and its detection in the range 
423–476 nm. Images in reflection mode were recorded at 488 nm to visualize the 
substrate surface and better locate cells with respect to the patterns. 
For morphological studies by SEM, cultured samples were rinsed in PBS twice 
and fixed with glutaraldehyde (2.5 % in PBS) for 45 min. After washing in distilled 
water, dehydration was performed by using series of ethanol solutions for 15 min (2 
washes) and a final dehydration in absolute ethanol for 30 min. Samples were then dried 
at room temperature for at least 24 h. After mounting in stubs and gold coating under 
vacuum, the morphology of the samples was characterized by using a Hitachi S-4700 
microscope. 
 
3. Results and Discussion  
3.1 Reducing patterning of GO paper by electron beam lithography 
The reducing patterning of GO paper was performed under increasing EBL doses using 
an apparatus as can be visualized in Figure 1a). Five identical patterns with 999 lines of 
200 nm width and 1 µm centre-to-centre pitch were made. The five patterns were 
performed with doses successively higher, increasing in factors of 10, starting with the 
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dose normally used for polymethylmethacrylate (PMMA) exposures (800 µC/cm²) and 
up to 8 C/cm2. The complete exposure parameters are shown in Table 1. After exposure, 
all samples, with exception of the one subjected to the lowest dose (800 µC/cm²) 
showed visible morphological modifications, in particular, a swelling of the paper 
extending to several hundreds of micrometres around the exposed area (Fig. 1b) and c)). 
 
Figure 1. a) Photograph of a detail of the EBL apparatus used for the surface reduction 
patterning of GO paper. b) Schematic representation and optical photograph of the five 
exposed areas in a strip of the GO paper sample. c) Low-magnification SEM 
micrographs of the exposed samples, showing morphological changes in and around the 
rectangular exposed area, for the two largest doses used (4 and 5). 
 
As a preliminary characterization, the exposed areas were observed by optical 
microscopy and SEM. Regarding the SEM analysis a comment should be firstly 
introduced: because electron beam was used for both creating the effect and observing 
it, this raises the question of the interference of observation conditions with the 
observed object. Indeed it has been reported that graphene materials can be altered by 
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electron beams in the range 5 keV to 20 keV [55, 56]. Cutting through carbon nanotubes 
has also been reported at 1 keV, however it required significant exposure time with the 
beam focused on the cut line and the process was strongly accelerated by the presence 
of water in the atmosphere [57]. Due to the small magnifications, the much shorter time 
required for the samples imaging compared to the large exposure times required to 
produce them, we assume that the observation did not lead to significant changes in the 
material. Also, any artefact coming from the SEM view from the top would uniformly 
affect the image, while the effect to be detected follows a known pattern. Finally, at an 
energy of 2 to 3 keV, the electron contrast observed in the images is known to come 
from the surface of the sample, therefore any potentially reducing effect would occur in 
that region, while the effect of the 100 keV electron exposure is expected to extend to 
the full thickness of the material, so any effects of electron microscopy would be easy to 
differentiate from those arising from EBL. 
Optical observations showed that morphological changes were present in samples 
exposed to electron doses equal or higher to 8000 µC/cm². Highly magnified images of 
regions 4 and 5 showed a faint contrast in the shape of the exposed stripes (Figure 2) as 
was also reported by others [30], which we analysed as a peak in the power spectrum 
density of the SEM images at the expected spatial frequency for these two regions 
(Figure S1 – supplementary information). We ascribe this different contrast to a 
different conductivity of the GO paper after exposure to the electron beam.  
The dose used in area 5 is nearly the maximum possible to attain with the electron 
lithography tool, so images 2-5 in Figure 2 shows the largest effect that a focused 100 
keV electron exposure can practically cause to the structure of GO paper. 
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Figure 2. High magnification SEM micrographs of the areas exposed to different doses 
(2, 3, 4 and 5). For depositions at conditions 4 and 5, with the highest dose, a stripe 
pattern is visible. 
 
In order to better understand the depth and lateral reach of the EBL, a computer 
simulation of the electron scattering process resulting from the interaction with the 
sample was performed. Figure 3 shows the depth of penetration of energy deposited by 
the electrons, as a function of the incident electron energy. The simulation was 
performed using Casino 2.48 [58], assuming a ratio of carbon to oxygen C/O = 2.7. For 
each voltage, the distribution of energy by position was calculated in a 1 × 1 × 1000 
grid (x × y × z). The 50% and 90% quantiles were extracted from a cumulative 
distribution. The latter appears to increase rapidly with the energy E of the incident 
electrons, following E1.75.  
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Figure 3. Depth of penetration of energy transferred by the electrons onto a GO 
material modelled as a material containing carbon and oxygen with C/O = 2.7, 
simulated with Casino 2.48 [58], as function of the acceleration voltage of the incident 
electrons. In inset, the cross-sectional distribution of deposited energy at 100 kV, 
plotted as a radial distribution. The arrow at (0,0) in the inset indicates the place of 
beam incidence. The colour scale corresponds to the decimal logarithm of energy 
distribution. 
 
According to these results, for experiments performed in the range of 20 keV available 
in the literature [32, 44], the depth of energy penetration is about 2 µm, which is 
adequate for the spin-coated thin films these authors used. With the incident energy of 
100 keV used in the present work, the depth within which half of the energy is 
deposited is calculated to be 36 µm, a penetration depth similar to the thickness of the 
self-standing paper itself. The inset in Figure 3 shows the spatial distribution of the 
deposited energy inside a cross section of a simulated GO paper. It was simulated using 
a 1000 × 1000 × 100 cartesian grid in Casino and further processed to extract the radial 
distribution. The incident electron beam is located at the top left corner in the figure, 
and travels through the material along the vertical axis from top to bottom. The radial 
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distance from the point of incidence is represented at the horizontal axis. According to 
the simulation, most of the energy is concentrated very close to the vertical axis, even at 
large depth. This means that the electron beam maintains directionality while being 
scattered in the material. The energy deposited at lateral distances of a few micrometres 
from the point of incidence is only a very small fraction of the total energy. The results 
of the simulation allow to conclude that the reduction is well defined laterally at the 
scale of the pattern used in this work. It occurs in nearly the whole thickness of the GO 
paper, with no need to resort to a particle accelerator facility like in previous work for 
samples of similar composition and thickness [45, 54].  
The energy deposited by the electron beam is confined to the vicinity of the electron 
beam diameter; a small part of this energy is deposited within a radius of a few 
micrometers, between 10 and 20 µm (Figure 3, inset), possibly leading to a partial 
reduction effect in a range around the desired pattern, compatible with the proximity 
effect observed by others[59]. The electron collisions with graphitic structures cause the 
creation and accumulation of defects, which is called the Wigner effect.[60] Upon 
thermal annealing, lattice defects reorganise in sp2 carbon bonds, approaching graphene 
structure. In GO, the temperature threshold for this effect has been shown to be lower 
than that in graphite, starting to occur near 100 °C.[45] In the present work, the beam 
scans the sample in vacuum (5 × 10-7 mbar) at very slow linear velocity, down to 0.1 
µm/s (Table 1), with the beam moving first along the short direction of the stripes. 
These conditions favour local heating and therefore the process of Wigner release. 
According to Prezioso et al.,[33] a decrease of 20 percentage points in the C–O binding 
content corresponds to a minimum temperature of 50 °C locally during the exposure. 
 
3.2 Structural characterization of patterned GO paper 
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The structural analysis of the GO patterned paper was performed on samples obtained 
under the conditions established for exposure number 5. However, in order to facilitate 
characterization with conductive AFM and Raman spectroscopy, the width of the 
exposed stripes was set to 2 µm instead of 200 nm. The patterned region contained 55 
lines measuring 2 µm × 600 µm, spaced by 10 µm, as depicted in Figure 4. The dose 
used was 10 000 × 103 µC/cm² (6.2 × 1019 e-/cm2) with a step size of 1 nm.  
At a large magnification, as shown in Figure 4b, there is a visible deformation of the 
GO paper within and around the area where it was exposed to the electron beam. 
Because of the changed visual aspect, one would expect changes in the local 
topography. However, studies of the topography by AFM did not show topographical 
contrast between the lines exposed to the electron beam and the surrounding areas 
(Figure 4). Such contrast would be expected as previous works using laser reduction 
have reported a thinning of the sample in the exposed area due to a more compact form 
of the reduced material [24]. However, in the literature, the thinning effect was not 
clearly visible in the topographic data in the case of electron exposure [44]. In this 
work, samples differ from others published, in that they have a much higher thickness 
than, e.g. the spin-coated films previously reported. The electron beam exposure of this 
sample resulted in large deformation and local fracture, which can be attributed to the 
pressure exerted by gases released during the reduction, at GO interlayers [41]. 
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Figure 4. a) Schematic representation of the patterned performed on the surface of the 
GO paper by EBL. b) SEM image of patterned GO paper. c) Optical photograph of the 
exposed area on a strip of the GO paper sample. d) AFM measurements of the surface 
potential of the patterned GO paper, showing the predefined center-to-center distance 
between the reduced lines of 12 µm.  
 
In order to make evident the difference between the exposed and unexposed areas in 
scanning probe microscopy, measurements of surface potential were performed using a 
silicon tip coated with Pt 40 nm. These measurements showed a difference of 0.1 eV in 
surface potential between the exposed and unexposed areas at a period of 12 µm, 
corresponding to the exposed pattern (Figure 4 d)). This is compatible with a change in 
the oxygen composition of the surface, as it has been calculated that the nature and 
organization of oxygen groups at the surface of the rGO areas can lead up to 2.5 eV 
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change in the work function [61]. Lateral force microscopy showed no significant 
changes in adhesion force between patterned and unpatterned regions, which suggest 
that the carbon structure was not altered by the EBL exposure (Figure S2 – 
supplementary information).  
One sample was exposed to the electron beam from edge to edge, across its full width, 
in order to observe the exposed area formed at the edge in the SEM image of the cross-
section (Figure 5a)). A closer look at the cross-section (Figure 5b) shows the expansion 
of GO sheets in the paper, which nearly doubles the thickness, increasing from about 40 
µm in the unexposed bulk material to about 70 µm around the exposed area, for an 
extension that spans more than 300 µm to each side of the exposed line. In this region, a 
high number of cracks and voids are visible, aligned parallel to the surface of the film. 
 
 
Figure 5. SEM observation of a sample patterned using the 100 kV electron beam in the 
shape of lines crossing its entire width. a) Low magnification image under a 45° tilt. 
The marked lines denote the places of exposure: one central region with eight exposed 
lines, and two single lines on either side of the central region. The central area exhibits a 
continuous fracture across the sample, which appeared during the manipulation of the 
sample. b) Close-up on the area marked b in image a), under a tilt of 85°. This image 
shows the structure in sheets of GO and the voids caused by reduction, following the 
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exposure. It also allows evaluation of the thickness of the GO paper in the area exposed 
to the electron beam. 
The preparation of GO paper by randomly stacked and densely packed GO sheets on top 
of the filter, makes this material prone to the intercalation of water molecules [62]. The 
reduction process by electron beam irradiation promotes the gradual increase in 
concentration of gases and water vapour that exert high pressure to the surrounding 
matter up to a critical point, when the van der Waals forces between adjacent GO sheets 
are overcome. An expansion in the planar direction is helped by the lamellar structure 
and high flexibility of the GO sheets, which allows for the observed deformation. 
McAlliste et al. also reported a thermal expansion mechanism of GO, attributed to the 
increased interlayer pressure by thermal decomposition of hydroxyl and epoxy groups, 
in the syntheses of functionalized graphene nanosheets [63].  
The areas of the GO paper exposed to the electron beam also become more brittle. 
Besides the cracks, which originate and propagate following sites of stress 
concentration, a contributing factor specific to GO is that the diminished oxygen content 
in the reduced area brings the material properties back in the direction of those of 
graphite. An illustration of the brittle nature of the exposed area is shown on Figure 5a, 
where the sample was fractured along the direction of the exposed lines after simple 
manual manipulation leading to sample bending. This result is compatible with the 
recent report [64] where unconstrained fast thermal reduction of GO films at 1000 °C 
results in the formation of brittle and cracked films, in contrast to the constrained 
reduction that allows to obtain robust and flexible films due to the improved 
graphitization of the structure promoted by the applied pressure. 
The cross-section observed in Figure 5b is coherent with the results obtained by AFM 
where no change in height could be observed within the patterned area. Indeed, the 
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deformation provoked by the exposure, of the same order as the GO paper thickness, 
reaches hundreds of micrometres laterally. Because of this lateral distance, largely 
exceeding the spatial period of the reduced lines, the much smaller thickness difference 
between exposed lines and unexposed surrounding areas is hidden. 
XRD on the patterned and non-patterned regions of the GO papers allows obtaining 
further information about the structural changes observed after EBL exposure (Figure 
6). GO paper diffraction peak is observed at 2θ = 10.15°, which corresponds to the 
interlayer separation d ≈ 8.702 Å (Figure 6a). It is interesting to note that the GO peak is 
not broad (∆2θ = 0.96°), which means that the layered structure of the GO is preserved 
with thickness of ≈ 12.3 nm. Two different peaks are observed after the deconvolution 
of XRD pattern for exposed GO paper, the first one with the same correspondence of 
non-exposed paper at 2θ = 10.20°, with interlayer separation of d ≈ 8.749 Å, and a 
second one at 2θ = 11.53° corresponding to an interlayer separation of d ≈ 7.673 Å, with 
a peak width of ∆2θ = 1.549°, showing a preserved ordered state with a thickness of 
19.8 nm. Those results show that in fact the EBL is able to reduce the GO sheets and 
decrease the interplanar distance as schematized in Figure 6b). Recently, it was reported 
that the presence of the XRD peaks at the higher angles for thermally obtained rGO 
paper, indicates the presence of numerous domains of densely stacked/overlapping 
layers of rGO [9].  
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Figure 6. a) XRD of GO paper performed on the patterned and non-patterned regions 
by EBL. b) Schematic representation of the interlayer distance of GO sheets on the 
paper after electron beam exposure.  
3.3 Spectroscopic characterization of patterned GO paper 
XPS and FTIR spectra were recorded on the patterned (500 × 500 µm) and non-
patterned regions of the GO paper (Figure 7a)). The C1s XPS spectra were well fitted 
with 3 Lorentzian-Gaussian peaks which were assigned to C sp2 (~284.4 eV), C-O 
(286.6 eV) and C=O (288.3 eV) [8] as showed on Figure 7b). In the patterned region, an 
increase of 20% in sp2 carbon was obtained corresponding to the restauration of the 
graphene carbon structure due to the elimination of oxygen functional groups (estimated 
loss of 16% for C-O bonds and 4% for C=O) (Table 2). The O1s broad peaks at ~532.3 
eV, corresponding to the different oxygen functional groups C-O and C=O 
contributions [65] (Figure 7b) showed a clear decrease of intensity in the patterned 
region (~23%). The relative ratio between carbon and oxygen (C/O) in the patterned and 
non-patterned regions is 4.3 and 2.7, respectively. The reduction of the GO films by 
EUV lithography using 200 mJ/cm2 doses was reported showing a photoreduction 
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efficiency of, 6% increase of sp2 carbon bonds and 20% decrease of C-O bonds [41]. 
Our results, however, showed 20% restructuration of the C sp2 after electron beam 
doses of 5 × 1019 (e-/cm2). Recently, the same authors reported the GO photoreduction 
with VUV synchrotron radiation, at different radiation ranges, EUV (photon energy: 21 
eV and 45 eV), and soft-X rays (photon energy: 628 eV), with a final I(C-O)/I(C sp2) 
ratio of ~0.65 [42], higher than the one obtained in our work [I(C-O)/I(C sp2) ratio of 
0.47]. It was also observed that EBL showed higher reduction efficiency of the GO 
films than the thermal treatment at 80 °C during 9 days (only small changes of C/O ratio 
were observed)[66] and at 200 °C during 30 minutes (C/O = 3.9) [67]. The reduction 
mechanism of GO paper by EBL is not totally clear, however, based on the high energy 
of the electron beam used for the exposure, it is predictable that the major 
transformations occur by the decomposition of the oxygen functional groups into H2O 
and O2, with the simultaneous restructuration of the C sp2 lattice. Theoretical 
calculations indicated that C-OH and C-O-C groups can react between them to form 
H2O by overcoming the energy barrier of 0.5 eV and C-O-C groups can react between 
them to form O2 at a barrier energy of 1.0 eV [68]. However, it was also described that 
reactions with carbonyl groups occur through higher energy states (2.33 eV), [68] which 
is in accordance with the lower removal percentage of this functional group observed on 
our XPS data.  
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Figure 7. a) GO papers with patterned area of 500 µm2 by EBL (blue region). b) XPS 
and c) FTIR spectra of the GO paper on the patterned region (rGO) and outside of the 
patterned region (GO). 
Table 2. Quantitative data obtained from the XPS spectra for the patterned and non-
patterned regions of GO paper. 
C1s fit 
C1s/O1s ratio 
Sample region Component BE(eV) FWHM (eV) Functional group % 
patterned 
1 284.4 1.1 C Sp2 68 
4.3 2 286.1 1.8 C-O 24 
3 288.4 2.1 C=O 8 
Non-patterned 
1 284.4 1.5 C Sp2 48 
2.7 2 286.5 1.6 C-O 40 
3 288.0 2.5 C=O 12 
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Regarding FTIR spectra, from a global overview of Figure 7c), it is clear that after 
electron beam exposure (red line, rGO), there is a decrease in the intensity of the bands 
assigned to oxygen functional groups attached to the graphene basal plane. The intensity 
of the band assigned to the O-H stretch in hydroxyl groups (~3400 cm-1) suffers a 
drastic decrease in rGO due to the release of water intercalated between the GO planes 
and defective regions and hydroxyl desorption; hydroxyl groups may also be released 
from the basal plane by the formation of water molecules [21]. Carboxyl groups stretch 
band at 1620 cm-1 (that also has a contribution from the bending vibration of 
intercalated water) shows also a very strong decrease in intensity in rGO (Figure 7c) red 
line), that is more evident when compared with the carbonyl stretch band at 1722 cm-1 
(that was of much lower intensity in GO, Figure 7c) black line). The FTIR results 
clearly confirm the preferential elimination of hydroxyl and carboxyl groups from the 
GO basal plane on the reduction process, as previously reported [21]. For carbonyl 
groups stretch band at 1722 cm-1 no significant intensity changes were observed, which 
demonstrates the higher stability of these groups in the GO structure. These 
observations are consistent with the ones obtained from XPS data.  
Raman spectroscopy is a very sensitive approach for the structural characterization of 
GO and its reduced derivatives. Figure 8a) shows the Raman spectral image of the 
patterned GO paper with different contrast regions, the light coloured lines 
corresponding to the reduced patterns with 10 µm periodicity. Raman images were 
obtained by accumulating a full Raman spectrum at each pixel, and constructed by 
integrating over a specific Raman band. Figure 8b) shows the Raman spectra 
corresponding to the reduced pattern lines (medium spectrum in the violet area) and the 
non-reduced broader lines (medium spectrum in the green area) where it is possible to 
observe the D band at 1350 cm-1, which is known to be characteristic of structural 
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disorder (induced by oxidation), and G band at 1585 cm-1, that is associated to the 
structural graphitic order, and the broad band 2D with maxima centred around 2700 and 
2900 cm-1 [69]. The colour contrast between the reduced and non-reduced lines visible 
on Figure 8a), was obtained by considering the Raman integrated intensity at the dashed 
region in Figure 8b), corresponding to the D band shoulder at ~1200 cm-1 correlated 
with the carbon structure of GO materials. Recently, Claramunt et al. [69] revealed the 
importance of the interbands on the interpretation of GO Raman spectrum. The authors 
fitted GO Raman spectrum using five functions that can be attributed to G, D, D´, D* 
and D´´ bands, however in our case the best fitting was achieved with four Voigt 
functions that correspond to G, D, D* and D´´ bands, as shown in Figure 8c) and d). 
These authors observed that the decrease of oxygen content is correlated with the blue 
shift of the D* maximum. Our results show that the patterned lines have a D*max at 1258 
cm-1 and the non-patterned region a D*max at 1238 cm-1 that corresponds exactly to a 
decrease of oxygen content due to the electron beam exposure. The ID/IG ratios observed 
(the average ratio across the purple and green lines on the mapping) presented a slight 
variation between the two different regions [69, 70]. 
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Figure 8. a) Raman image of the patterned region of the GO paper, obtained using the 
integrated intensity of the dashed region in b (~1100-1300 cm-1); areas with reduced 
(patterned) and non-reduced GO (non-patterned) were marked by the violet and the 
green lines, respectively. b) Raman spectra obtained by the medium spectra of all pixels 
in the respective selected areas in (a), violet for patterned GO and green for non-
patterned GO. Fitting of the D and G peaks is shown in c) for patterned GO and in d) 
for non-patterned GO. 
 
3.4 Electrical properties of patterned GO paper 
The electrical properties of the material were characterized first by conductive AFM. A 
local resistivity of 1000 Ω·m was measured. While the resistivity within the limits of the 
exposed area was much lower than reported values for raw GO, [71] no significant 
difference in resistivity was observed between the exposed lines and the space between 
the lines (Figure S2 – supplementary information). This apparent contradiction with the 
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results of previous characterization techniques could be explained by a secondary 
heating of the area immediately around that exposed to the electron beam, which would 
anneal that region, therefore reducing the contrast between exposed and unexposed 
areas. 
The electrical conductivity was also measured, before and after exposure, between 
patterned metal contacts. First, a line of 2 µm and 800 µm of length is patterned by 
electron beam exposure with dose 10 000 × 103 µC/cm². A second electron exposure 
was performed using a 500 nm thick layer of PMMA to draw contacts separated by 100 
µm (Figure S3 – supplementary information). The electron dose used to expose PMMA 
is 800 µC/cm², which, according to the results in table 1 (sample 1), has no effect on 
GO reduction. After development using methyl-isobutyl ketone (MIBK), a layer of Cr 3 
nm / Au 20 nm was deposited. Acetone was used to perform the lift-off. The resistance 
of the line was measured by applying 1 µA between the gold contacts, and a value of 
140 kΩ was obtained. The resistance of the measurement circuit, including contact 
resistance, was 80 Ω. Assuming that the GO becomes homogeneously conductive inside 
the volume exposed to the electron beam, that the surrounding GO is insulating, and 
using a thickness of 70 µm for the exposed rGO paper, the resistivity of the exposed 
material is estimated to be 0.44 Ω·m. During the same fabrication process, two 
rectangular contacts were prepared on an area not exposed to the electron beam 
reduction process. The rectangles measured 600 µm in width and were separated by 140 
µm. Using a pico-ampmeter and applying 50 V, the resistance of the GO paper between 
the two rectangular contacts was measured to be 81 MΩ. Neglecting the current not 
flowing straight between the two contacts, and using a paper thickness of 40 µm, the 
resistivity of the unexposed GO is 14 kΩ·m. From these measurements in the exposed 
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and unexposed areas, the exposure to the electron reduction process increases the 
conductivity by a factor of 3 × 104. 
 
3.5 Mechanical analysis of patterned GO paper 
In order to further understand the structural effects of electron beam exposition on the 
reduced patterned surface of GO paper, nanoindentation tests were performed (Figure 
9). Two different positions were tested, on the unmodified surface and on the square 
patterned surface by electron beam at 100 keV (Figure 9a)). The nanoindentation 
corresponds to the load-displacement curves, each containing 16 loading-unloading 
cycles (Figure 9b)). From the nanoindentation experiments it is possible to obtain 
hardness (H) and the Elastic modulus (E) at different penetration depth [72]. 
 
Figure 9. Representative load–displacement curves obtained for the GO papers on the 
patterned and non-patterned regions by EBL. 
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A very interesting feature of the data obtained shows that the H and E decrease with the 
increase of applied forces (for values < 35 mN). Those results can be attributed to the 
nanoscale bending effects of the GO paper or/and to the decrease of the GO interlayers 
distance until reaching the maximum equilibrium limit to the rupture, which is 
characteristic to their layer-by-layer hierarchical structure, combining intralayer strong 
sp2 bonds and interlayer crosslinks for efficient load transfer [73]. These effects could 
be reduced when the tests were performed using a delay time between indentations (10, 
100 and 500 s), however it promotes other constraints (Figure S4 – supplementary 
information). After that value of force, it was observed that H and E are independent of 
the penetration depth on the modified (H = 477.4 MPa and E = 3.249 GPa) and 
unmodified (H = 395.2 MPa and E = 2.343 GPa) GO paper surface. In fact, the results 
showed higher values of H and E for the reduced patterned regions, which means that 
the electron beam doesn’t destroy the carbon structure and also suggest that an effective 
reduction of GO sheets occurs allowing the decrease of the interlayer distance, thus 
producing a more compact material. It could be predicted that the exposure at 100 keV 
might start damaging the carbon network since it is above the threshold (93 keV) for C-
C breaking, however it is not probable that as many electrons as those that reach the 
surface lose enough energy on one single collision to significantly damage the network. 
It was already observed that the thermal reduction of the GO paper promotes an 
important increase of E and H [74].  
3.6 Cytocompatibility of GO patterned papers 
Preliminary in vitro biocompatibility tests of the GO paper were carried out with murine 
L929 fibroblasts, an immortalized mammalian cell line commonly used for 
biocompatibility assessment of materials in vitro [75]. Cells were seeded on both 
patterned and non-patterned areas of the samples and cultures were evaluated at sub-
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confluence (96 h) to facilitate the investigation of adhesion and morphology parameters. 
Figure 10 illustrates representative micrographs of L929 cells grown on GO paper by 
both CLSM and SEM. As it can be appreciated, fibroblasts grew on the substrate 
independently of the presence of the pattern, forming cultures of homogeneous cell 
distribution and abundant cells undergoing mitosis that were indicative of active cell 
proliferation (Figure 10b). Importantly, cells growing on the polystyrene well at the 
periphery of the GO papers also displayed healthy morphological features (spread 
phenotype and active proliferation) even in the presence of small portions of GO 
released from the film borders (Figure 10 c)). It is worth noting that, despite the potent 
antibacterial properties described for GO [76], these substrates did not induce 
significant morphological alterations on L929 fibroblasts, a study model of mammalian 
eukaryotic cells. To further investigate these cellular processes, SEM studies were 
performed. Fibroblasts homogeneously colonized the substrate preserving their typical 
morphology and displaying a more or less spread aspect depending on the phase of the 
cell cycle (Figure 10d)). As previously confirmed by CLSM, cells in active proliferation 
were evident, with a common rounded shape to enable detachment from the substrate 
and division (Figure 10e)). Abundant cytoplasmic projections such as filopodia (thin 
and long) and lamellipodia (wide and large) were observed in close contact with the GO 
paper surface (Figure 10f)). These cell extensions are typical of migrating cells, involve 
the participation of the actin-based cytoskeleton and play a crucial role in adhesion 
processes.  
Taken together, these results evidence that the patterned GO paper fabricated is 
cytocompatible with mammalian cells, supporting cell adhesion, growth and 
proliferation and preserving cell morphology. Contrary to findings with bacteria [76], 
the presence of GO in these samples does not seem to have a negative impact on their 
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cytocompatibility with mammalian eukaryotic cells. Moreover, EBL seems to be an 
useful technique for the fabrication of patterned substrates for biomedical applications, 
as also demonstrated for other patterning strategies such as laser interference.[77] The 
cytocompatible nature of these samples encourages further investigation with these 
materials, as nanotopographical substrates have revealed ability to induce and modulate 
specific cell responses such as stem cell self-renewal and multipotency [78]. 
 
Figure 10. Cytocompatibility in vitro studies of L929 fibroblasts cultured on GO paper. 
CLSM micrograph in reflexion mode illustrating the pattern position in the film a). 
Adhesion and cytoskeletal visualization by CLSM on both patterned and non-patterned 
areas b) and at the periphery of the GO paper on polystyrene (c). Cells in active 
proliferation are labelled with white asterisks and GO film fragments with white 
crosses. Scale bars: 150 µm (a, b) and 50 µm c). Morphological studies by SEM (d-f). 
Cells undergoing cytokinesis and detailed cytoplasmic projections are indicated by 
yellow arrows. Scale bars: 100, 50 and 10 µm (d, e and f, respectively). 
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4. Conclusions 
We explored the patterning design of GO paper substrates using direct-write EBL to 
create nanoscale conductive lines, using a 100 keV electron beam. This new approach 
revealed to be very effective and versatile for the design of reduced patterns on the GO 
papers surface, allowing for free pattern choice and use of different electron doses and 
beam step sizes. The contrast of the reduced stripes in the patterned regions increased 
with the increase of electron beam doses. Structural analysis of the patterned paper 
showed that the interlayer distance between GO sheets decreases after reduction, 
allowing to increase the Hardness and Young modulus, which enables the manipulation 
and integration of this material on different devices. Furthermore, we also observed that 
exposed areas to electron beam reduction process showed an increase in the electrical 
conductivity of up to 3 × 104 times. Table 3 summarize the main structural properties 
observed for the patterned and non-patterned regions of GO paper. 
Table 3. Resume of the structural properties of reduced patterned GO paper by ELB in 
comparison to non-modified GO paper 
GO patterned paper 
Structural characterization 
XRD Raman XPS Resistivity Nanoindentation 
non-patterned 
region 
2θ=10.15˚ (d~8.7Å) D*max=1238cm
-1 C1s/O1s ratio=4.3 14KΩm 
H= 395.2MPa 
E=2.343GPa 
patterned region* 
2θ=10.20˚ (d~8.7Å) 
2θ=11.53˚ (d~8.7Å) 
D*max=1258cm
-1 C1s/O1s ratio=2.7 0.44Ωm 
H=477.4MPa 
E=3.249GPa 
*exposure ELB experimental conditions number 5 reported on table 1 
 
Cytocompatibility tests in vitro with L929 fibroblasts evidenced the ability of the 
patterned GO paper fabricated to support mammalian cell adhesion, growth and 
proliferation. Abundant cytoplasmic projections, such as filopodia and lamellipodia, 
were observed in close contact with the GO paper surface. 
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Figure 1. a) Photograph of a detail of the EBL apparatus used for the surface reduction 
patterning of GO paper. b) Schematic representation and optical photograph of the five 
exposed areas in a strip of the GO paper sample. c) Low-magnification SEM 
micrographs of the exposed samples, showing morphological changes in and around the 
rectangular exposed area, for the two largest doses used (4 and 5). 
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Figure 2. High magnification SEM micrographs of the areas exposed to different doses 
(2, 3, 4 and 5). For depositions at conditions 4 and 5, with the highest dose, a stripe 
pattern is visible. 
 
 
Figure 3. Depth of penetration of energy transferred by the electrons onto a GO 
material modelled as a material containing carbon and oxygen with C/O = 2.7, 
simulated with Casino 2.48 [48], as function of the acceleration voltage of the incident 
electrons. In inset, the cross-sectional distribution of deposited energy at 100 kV, 
plotted as a radial distribution. The arrow at (0,0) in the inset indicates the place of 
beam incidence. The colour scale corresponds to the decimal logarithm of energy 
distribution. 
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Figure 4. a) Schematic representation of the patterned performed on the surface of the 
GO paper by EBL. b) SEM image of patterned GO paper. c) Optical photograph of the 
exposed area on a strip of the GO paper sample. d) AFM measurements of the surface 
potential of the patterned GO paper, showing the predefined center-to-center distance 
between the reduced lines of 12 µm.  
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Figure 5. SEM observation of a sample patterned using the 100 kV electron beam in the 
shape of lines crossing its entire width. a) Low magnification image under a 45° tilt. 
The marked lines denote the places of exposure: one central region with eight exposed 
lines, and two single lines on either side of the central region. The central area exhibits a 
continuous fracture across the sample, which appeared during the manipulation of the 
sample. b) Close-up on the area marked b in image a), under a tilt of 85°. This image 
shows the structure in sheets of GO and the voids caused by reduction, following the 
exposure. It also allows evaluation of the thickness of the GO paper in the area exposed 
to the electron beam. 
 
Figure 6. a) XRD of GO paper performed on the patterned and non-patterned regions 
by EBL. b) Schematic representation of the interlayer distance of GO sheets on the 
paper after electron beam exposure.  
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Figure 7. a) GO papers with patterned area of 500 µm2 by EBL (blue region). b) XPS 
and c) FTIR spectra of the GO paper on the patterned region (rGO) and outside of the 
patterned region (GO). 
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Figure 8. a) Raman image of the patterned region of the GO paper, obtained using the 
integrated intensity of the dashed region in b (~1100-1300 cm-1); areas with reduced 
(patterned) and non-reduced GO (non-patterned) were marked by the violet and the 
green lines, respectively. b) Raman spectra obtained by the medium spectra of all pixels 
in the respective selected areas in (a), violet for patterned GO and green for non-
patterned GO. Fitting of the D and G peaks is shown in c) for patterned GO and in d) 
for non-patterned GO. 
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Figure 9. Representative load–displacement curves obtained for the GO papers on the 
patterned and non-patterned regions by EBL. 
 
Figure 10. Cytocompatibility in vitro studies of L929 fibroblasts cultured on GO paper. 
CLSM micrograph in reflexion mode illustrating the pattern position in the film a). 
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Adhesion and cytoskeletal visualization by CLSM on both patterned and non-patterned 
areas b) and at the periphery of the GO paper on polystyrene (c). Cells in active 
proliferation are labelled with white asterisks and GO film fragments with white 
crosses. Scale bars: 150 µm (a, b) and 50 µm c). Morphological studies by SEM (d-f). 
Cells undergoing cytokinesis and detailed cytoplasmic projections are indicated by 
yellow arrows. Scale bars: 100, 50 and 10 µm (d, e and f, respectively). 
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List of tables 
Table 1. Experimental conditions tested for the patterning of the GO paper by EBL. 
Exposure 1 2 3 4 5 
Dose (× 103 µC/cm2) 0.8 8 80 800 8000 
Line length (µm) 600 600 600 600 300 (*) 
Step size (nm) 25 20 20 20 20 
Dwell time (ns) 30 192 1919 19190 191904 
Beam linear velocity (µm/s) 834 104 10.4 1.04 0.104 
Exposure duration (s) 
53.73 
≈ 1 min 
104.78 
≈ 1 min 45 
617.01 
≈ 10 min 
5792.34 
≈ 1 h 35 
28776.55 
≈ 8 h 
(*) half the length to reduce exposure time to reasonable value 
 
Table 2. Quantitative data obtained from the XPS spectra for the patterned and non-
patterned regions of GO paper. 
C1s fit 
C1s/O1s ratio 
Sample region Component BE(eV) FWHM (eV) Functional group % 
patterned 
1 284.4 1.1 C Sp2 68 
4.3 2 286.1 1.8 C-O 24 
3 288.4 2.1 C=O 8 
Non-patterned 
1 284.4 1.5 C Sp2 48 
2.7 2 286.5 1.6 C-O 40 
3 288.0 2.5 C=O 12 
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Table 3. Resume of the structural properties of GO patterned paper by ELB in 
comparison to non-modified GO paper 
 
GO patterned 
paper 
Structural characterization 
XRD Raman XPS Resistivity Nanoindentation 
non-patterned region 2θ=10.15˚ (d~8.7Å) D*max=1238cm
-1
 C1s/O1s ratio=4.3 14KΩm 
H= 395.2MPa 
E=2.343GPa 
patterned region* 
2θ=10.20˚ 
(d~8.7Å) 
2θ=11.53˚ 
(d~8.7Å) 
D*max=1258cm-1 C1s/O1s ratio=2.7 0.44Ωm 
H=477.4MPa 
E=3.249GPa 
*exposure ELB experimental conditions number 5 reported on table 1 
 
 
 
 
